Metal oxynitrides with perovskite AMO 3¹x N x structure have been shown to exhibit promising optical, dielectric, magnetoresistive or photocatalytic properties. They are formally obtained from perovskite oxides via substitution of oxygen by nitrogen. However, due to the stability of the MO bond, only a limited number of nitrogen-doped perovskites AMO 3¹x N x and stoichiometric oxynitrides (AMO 2 N and AMON 2 ) has been synthesized and studied so far. Different case studies revealed that the oxidation states of the cations, the O/N ratio, as well as the anion ordering can significantly affect their properties. With the aid of density functional theory calculations, the effect of O/N anion ordering was investigated for a series of different metallic perovskite phases AMO 2 N (A = Rb, Sr, Y and M = Cr, Mo, W). Results indicate that well-defined cis-MO 4 N 2 octahedra in the structures are energetically preferred over trans-MO 4 N 2 octahedra, leading to zigzag MN chains in the materials.
Introduction
Partial substitution of oxygen by nitrogen in perovskite oxide ABO 3 materials is a useful strategy in achieving materials with tuned or even completely new properties.
1)4) Indeed, nitrogen being less electronegative and more polarizable than oxygen, partial substitution of the latter by the former increases and the optical gap decreases with respect to oxides. It is why oxynitrides first reported by R. Marchand and co-workers 5) 19) and further widely investigated by several groups 20) 30) have attracted great attention over the last years because of their potential applications not only as nontoxic pigments, 31) but also as dielectrics, 32) photocatalysts, 33) or colossal magnetoresistive materials. 22 ),34) For instance, BaTaO 2 N and SrTaO 2 N show high dielectric constants.
11)32) Photocatalytic applications have been reported for LaTiO 2 N and ATaO 2 N (A = Ca, Sr, Ba). 33 ),34) SrMoO 2 N is a notable p-type semiconductor as deduced from a high Seebeck value and electronic transport properties. 35 ),36) SrWO 2 N displays magnetic properties 37) and EuNbO 2 N and EuWO 2 N show colossal magnetoresistance and ferromagnetic properties. 22 ), 38) YSiO 2 N and YGeO 2 N are piezoelectric materials. 39) Finally, the recent report of NdVO 2 N demonstrates also the possibility of obtaining stable perovskite oxynitride metallic phases with d n configurations. 40) Perovskite oxynitrides generally show symmetries deviation from ideal cubic Pm-3m as a consequence of octahedral tilting and/or anion ordering. 41 )51) Neutron diffraction and electron diffraction experiments can then be useful to reveal small symmetry distortions.
52)55)
First principles calculations constitute an interesting alternative to study local symmetries in oxynitrides. For instance, densityfunctional-theory (DFT) analyses performed on BaTaO 2 N predict the possibility of either orthorhombic, tetragonal, or monoclinic symmetries.
56), 57) Results suggest that the BaTaO 2 N stoichiometry is locally maintained, with each Ta atom surrounded by two N and four O neighbors in two possible local orderings, trans (with 180-degree NTaN bonds) and cis (with 90-degree NTaN bonds) ( Fig. 1) with the latter slightly energetically preferred.
46),57)
If short-range partial and total anion ordering has been reported in some oxynitrides, 41)44), 47) full long-range anion ordering however, is yet to be observed in the perovskite oxynitrides. A recent experimental analysis of SrMO 2 N (M = Nb, Ta) containing d 0 metals showed that well-defined cis-MO 4 N 2 octahedra are present, resulting in disordered zigzag MN chains within twodimensional perovskite layers. 50),54) Using first-principles calculations, Tanaka et al. recently showed that stable anion ordering in the ferroelectric SrTaO 2 N and BaTaO 2 N materials may occur with different three-dimensional (3D) TaN coiled chain motifs that can switch to each other, forming a mechanism to break long-range order and increasing the diversity of anion orderings around the transition-metal atom. 58) We may wonder if long-range anion ordering is similar or not in d n transition-metal-containing perovskite oxynitrides (n º 0) 59) we analyze theoretical results obtained at the DFT level of theory to provide some insight regarding the local structures of different semiconducting as well as metallic perovskite oxynitrides AMO 2 N (A = Rb, Sr, Y; M = Cr, Mo, W).
Anion-ordered AMO 2 N structures considered
In this work, several structural symmetries and anion distributions for some oxynitrides were investigated with two different local orderings, i.e., with trans-and cis-MO 4 N 2 octahedra (Fig. 1) . Starting from the cubic structure of BaTiO 3 60) [a = 3.9960 ¡, space group (SG) Pm-3m (221)], a structural library of a few perovskite oxynitrides was generated 61) by building 1 © 1 © 2, 2 © 2 © 1 and 2 © 2 © 2 supercells with different possibilities of O and N ordering and different cations. Among the structures which were built, there are two with trans-MO 4 N 2 octahedra and three with cis-MO 4 N 2 octahedra (Fig. 2) . In the trans orderings, one is of P4/mmm symmetry with a small unit cell which can be can viewed as a pseudo-cubic phase with parallel linear NMN chains along the c direction [ Fig. 2(a) ]. The other ordering, of P4 2 /mmc symmetry and a larger unit cell consists of NMN chains parallel and perpendicular to each other in the ab planes [ Fig. 2 Structures with long-range ordering can also be envisaged. Anticipating the results which were obtained for the structures shown in Fig. 2 , different arrangements containing cis-MO 4 N 2 octahedra were generated (see Fig. 3 ).
61)

Computational details
Density functional theory (DFT) geometry optimizations of different AMO 2 N structures (A = Rb, Sr, Y; M = Mo, W) were carried out using the plane-wave/pseudopotential (PW/PP) method as implemented in the Cambridge serial total energy (CASTEP 8.0) code 62) with the GGA Perdew-Burke-Ernzerhof (PBE) exchange correlation functional. 63) Vanderbilt-type ultrasoft pseudopotentials 64) were generated for Rb, Sr, Y, Mo, W, O and N. The cut-off energy for plane-waves was set to 500 eV. The Broyden-Fletcher-Goldfard-Shanno (BFGS) scheme 65) was used for geometry optimization. Total energy convergence was achieved with respect to the Brillouin zone (BZ) integration mesh of 8 © 8 © 10, 10 © 10 © 8 and 10 © 10 © 10 for the tetragonal P4/mmm trans-, P4 2 /mmm trans-, P4/mmm cis-MO 4 N 2 structures, and 10 © 10 © 10 for the orthorhombic Imma cis-and Pmma cis-MO 4 N 2 structures, respectively, i.e., a number of irreducible k-points in the range 50125 depending on the inves- tigated local structure. The different geometries were relaxed according to the following criteria: electronic energy tolerance of 10 ¹7 eV, maximum force¯0.05 eV, change in distance0 .0005 ¡, and energy change per atom of 0.0002 eV.
Density of states (DOS) and band structures of the optimized structural arrangements were obtained via the L/APW + lo method as implemented in WIEN2k package 66) using the PBE functional.
63) The muffin tin radii (R MT ) were chosen small enough to avoid overlapping during the optimization process. A plane-wave cutoff corresponding to R MT K max = 8 was used, and the radial wavefunctions inside the nonoverlapping muffin-tin spheres surrounding the atoms were expanded up to l max = 12. The charge density was Fourier expanded up to G max = 16 ¡ ¹1 . Total energy convergence was achieved with respect to the Brillouin zone (BZ) integration using a mesh of 1000 k-points.
Analysis of the chemical bonding was carried out with the crystal orbital Hamiltonian population (COHP) technique 67) as implemented in the tight-binding scalar relativistic linear muffintin orbital, TB-LMTO-ASA package.
68)73) Exchange and correlation were treated in the local density approximation (LDA) using the von BarthHedin local exchange correlation potential. 74) Within the LMTO formalism, interatomic spaces are filled with interstitial spheres. The optimal positions and radii (r ES ) of these additional "empty spheres" (ES) were determined by the procedure described in. 75) One nonsymmetry-related ES with r ES = 1.15 ¡ was introduced in the calculations. The full LMTO basis set consisted of 5s, 5p, 4d and 4f functions for Rb, Sr and Mo spheres, 4s, 4p, and 3d functions for Cr spheres, 2s, 2p, and 3d for N and O spheres, and s, p, and d functions for ES. The eigenvalue problem was solved using a minimal basis set obtained from the Löwdin downfolding technique. The k-space integration was performed using the tetrahedron method. 76) COHP curves were shifted so that the Fermi level lies at 0 eV. As recommended, a reduced basis set (in which ES LMTOs were downfolded) was used for the COHP calculations.
Results and discussion
Thermodynamics and structures
The relative total energies per formula unit (f.u.) for the different perovskite oxynitride AMO 2 N (A = Rb, Sr, Y; M = Cr, Mo, W) compounds studied with different structural distributions are plotted in Fig. 4 Table 1 . Analysis of these data indicates that for a given composition: i) the volume per f.u. is highly comparable in all arrangements. This does not allow segregation of cis-vs. trans-MO 4 N 2 structures. ii) The MN bond lengths are shorter than the MO ones reflecting a stronger covalent character of the formers. MN bond distances are substantially smaller in structures containing cis-MO 4 N 2 octahedra with respect to those with trans-MO 4 N 2 octahedra, supporting the energy preference for the formers.
Electronic structure
Partial and total density of states (PDOS and DOS) of the different arrangements of the perovskite oxynitride AMO 2 N compounds mentioned above were computed and examined in order to gain insight regarding their electronic properties. Comparable DOS are observed overall. For brevity, we will limit our discussion to the electronic structure of the most stable orthorhombic Imma cis-MO 4 77) or LDA with onsite Coulomb interaction (LDA+U) method 78) (cf. Supporting Information) suggest magnetic properties since the spin-up and spin-down DOS and band structures slightly differ around E F .
More expectedly, the d 1 Pmma cis-MO 4 N 2 structure SrMoO 2 N displays a metallic character with comparable spin-up and spindown DOS and E F crossed by predominantly Mo 4d states (see Fig. 6 ). This result does not seem at first sight in agreement with experimental physical properties on a polycrystalline cubic phase of SrMoO 2 N which shows weakly temperature dependent electrical resistivity and some Curie paramagnetism. 36) Note that calculations using LDA+U approach also show metallic character.
Chemical bonding
To try to understand why the cis-octahedral polymorphs are energetically preferred over the trans-octahedral ones, COHP curves indicating energetic contributions of crystal orbitals between atoms were computed for the MoMo, MoN and MoO Table 2 for A = Rb, Sr, and Y. Their inspection shows that the energy difference between trans-and cis-local structures strongly depends first of the strongly covalent MoN interactions. Larger -ICOHP values are computed for the MoN bonds in the cis structures. MoN interactions strongly dominate over the MoO ones since -ICOHP values for the latters are somewhat smaller in the cis structures. Indeed, more antibonding states are found above E F in the trans arrangement rather than in the cis one. Consequently, their occupation upon increasing from d 0 to d 2 weakens MoN interaction more importantly in the former arrangement.
Conclusion
DFT calculations were carried out on several perovskite-type oxynitrides AMO 2 N (A = Rb, Sr, Y; M = Cr, Mo, W) to investigate anion ordering and its consequence on their crystal structure, energetics and electronic structures. Results have shown that structures containing cis-MO 4 N 2 octahedra are energetically preferred over those containing trans-MO 4 N 2 octahedra because of stronger MN covalent interactions in the formers. Density of states show that a metallic behavior is computed for some structures. Moreover, in some cases, different electrical conductivity behavior are computed depending upon the exchangecorrelation functional. Therefore, advanced computational approaches such as hybrid functionals may be required in order to guess physical properties of some of these AMO 2 N (A = Rb, Sr, Y; M = Mo, W) compounds. 
